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ABSTRACT
The role that tobacco consumption plays in the etiology of oral cancer carcinogenesis,
and of alcohol consumption acting as a co-factor, have been well established. However,
in recent years, the contribution of alcohol consumption alone to oral cancer has been
proposed. In fact, a high percentage of patients who develop oral cancer have both habits
(tobacco and alcohol consumption), and other small patient groups only consume alcohol
or do not have any other identifiable bad habits. In the present study, we demonstrate for
the first time, using a combination of dynamic molecular modelling and Raman
spectroscopy, that ethanol has a significant effect on oral cells in vitro, mainly interacting
with the lipids of the cell membrane, changing their conformation. Thus, it is possible to
conclude that ethanol can affect the cell permeability, and by consequence serve as a
possible trigger in oral carcinogenesis.
Key-words: oral cancer, carcinogenesis, dynamic molecular modelling, ethanol, Raman
spectroscopy, lipids

INTRODUCTION
Oral cancer is one of the more common cancers worldwide and, in less-developed
countries, is next in prevalence to skin and breast cancer [1]. Tumors are primarily located
around the tongue, floor of the mouth, gingiva and buccal mucosa [2,3] .
Alcohol consumption and cigarette smoking are established risk factors for head and neck
cancer (HNC) originating from the oral cavity, pharynx, and larynx, and are likely to be
differentially associated with risk of those head and neck cancer-subtypes[4]. A greater
than multiplicative, synergistic effect between alcohol and tobacco consumption has been
shown, but most evidence comes from case-control studies [4-11]. Ethanol is a small
amphiphilic molecule (with polar and apolar regions) that may interact with water and
lipids. This molecule has been shown to effect biological systems such as yeast and
bacterial cells [12], and can induce cell membrane remodeling [13]. Maasland et al.[4]
investigated whether alcohol consumption and cigarette smoking are strongly, positively
associated with HNC-risk, with synergistic interactions, and whether these risks are
different for oral cavity cancer (OCC), oro-/hypopharyngeal cancer (OHPC), and
laryngeal cancer (LC). A significant, positive, synergistic interaction between categories
of alcohol consumption and cigarette smoking was found for HNC overall.
In order to further understand the alterations induced by ethanol on the cell membrane
and subsequently on the whole cell, dynamic molecular modelling can be utilized to
mimic the interaction between the cell membrane and ethanol molecules. For example, in
a similar fashion, Posokhov et al, [14] described the interaction with POPC (1-Palmitoyl2-oleoylphosphatidylcholine) bilayer and acetone molecules and facilitated detection of
a perturbation of bilayer structure. This mechanism is similar to that of other amphiphilic
molecules, such as alcohols. Extrapolating the membrane perturbation effect, the

accumulation of these molecules leads to penetration of the cell, causing morphological
and biochemical alterations [13-15].
To support the results of the molecular modeling, Raman spectroscopy can be employed
to verify changes in the molecular composition of the cell membrane. Raman
spectroscopy is a label-free technique that can be used to follow, in real time, the changes
induced by risk factors associated with carcinogenesis. The technique is of special interest
due to its high sensitivity in the detection of biochemical and molecular variations in
tissues [16,17]. Indeed, such optically-based spectroscopic techniques are prominent
among potential candidate non-invasive and rapid diagnostic methods. These methods are
widely used as a tool for analysis of many biological tissues and the techniques have been
referred to as an “optical biopsy”[18-21] or “spectral histo/cytopathology”[22] because
of their capacity to show features of underlying pathological tissues/cells when compared
with normal samples. Although clinical diagnosis of late stage, invasive oral cancer is
relatively straightforward, the clinical challenge remains to detect early cancerous lesions,
which are significantly harder to identify. Surgical treatment of early oral squamous cell
carcinoma involves much less extensive and complex surgery and leads to a significant
reduction in co-morbidity and increase in quality of life [23]. Raman spectroscopy is one
of the most popular emerging spectroscopic techniques and has demonstrated potential in
studies examining different types of cancer, including lung cancer [24], neural cancer
[25], breast cancer [26,27] cervical cancer [28], gastric cancer [29], skin cancer [30] and
head and neck cancer [31].
Usually, the spectral region between ~ 500 and 1,800 cm-1 (fingerprint region) is viewed
as the most relevant biochemical information concerning biological tissues [16,17,32].
Many vibrational band frequencies of amino acids, nucleic acids, proteins, lipids, glucose,
and other carbohydrates fall in this region[16-33]. An alternative is to analyze the bands

in the high wavenumber (HWN) region (2,800–3,600 cm-1), related to OH, CH, CH2,
CH3, and NH stretch vibrations, more specifically due to lipids, proteins, carbohydrates,
among other species present. Nazemi and Brennan [34] evaluated lipid concentrations in
the human coronary artery by high wavenumber Raman spectroscopy. The reported
results showed accurate compositional information of the human coronary artery and
raised the possibility of determining this information in vivo via small-profile
cardiovascular catheters. Vyumvuhore et al.[35] studied the effects of atmospheric
relative humidity on the stratum corneum structure at the molecular level using high
wavenumber Raman spectroscopy, elucidating the specific interactions of water with the
lipidic structures. These studies demonstrate the potential of Raman spectroscopy,
specifically in the HWN region, to monitor changes in lipidic structures and interactions
with cell membranes.
The main purpose of the present work is therefore to assess biochemical changes in oral
mucosa cells after exposure to ethanol (1% v/v), specifically in the cell membrane. The
techniques employed are simulations of the interactions using dynamic molecular
modelling to elucidate the mechanisms and extent of interaction of ethanol with the cell
membranes and Raman spectroscopy as a complementary spectroscopic technique to
verify the predicted biochemical changes in the cells, specifically in the HWN region,
which is more sensitive to lipidic structures. The fingerprint region of the Raman
spectrum contains complex contributions from all biochemical constituents within the
measurement voxel (spot size ~1mm), potentially including membrane lipids and proteins
and other constituents of the cytosol and cytoskeleton. In contrast, the high wavenumber
(HWN) region contains signatures of the normal modes of CH, OH, NH vibrations, and
is thus less convoluted. In particular, the CH2 backbone of lipids is a dominant contributor

in this region, and thus the Raman analysis to verify the molecular simulation of changes
to the membrane lipid structure as a result of ethanol was concentrated in this region.
A selection of cell lines representative of varying pathologies; SCC4 (malignant cell line)
and Ca9.22 (malignant cell line), DOK (dysplastic cell line) and primary cells (normal
oral epithelial cells), were treated with 1% ethanol. The level of ethanol exposure was
chosen such that it would have limited effect on cellular metabolic function and viability
(in the short term) but would still illicit a response [36]. Although the objective of the
work was primarily to explore the effect of ethanol exposure on normal cells, the range
of different cell lines were employed to demonstrate that the ethanol exposure can affect
cells of different representative pathologies.
MATERIALS AND METHODS
MOLECULAR DYNAMICS SIMULATION
The simulation was executed with Gromacs 4.5.5 package [37] using the united-atom
force field model of [38] (considering ethanol and DPPC molecules), applying periodic
boundary conditions in all dimensions (x, y and z). The cut-offs of the electrostatic and
van der Waals interactions were adjusted to 1.2 nm. The Berendsen barostat [39] is used
for pressure coupling and V-rescale thermostat [40] was used for temperature control.
The simulated model elaborated contained 128 DPPC phospholipid molecules aligned as
a bilayer with the hydrophobic part (tail groups) inside the model and the hydrophilic part
(head groups) outside the model, interacting with 3643 water molecules and 12 ethanol
molecules (1% concentration). The size of the box simulation obtained was 6.2 nm (x
axis) x 6.2 nm (y axis) x 6.7 nm (z axis).

To assess the possible alterations in the bilayer before and after interaction with 1% of
ethanol in water, the distance between two phosphorus (P) atoms of the head-group of
DPPC in each monolayer was calculated using the GridMat-MD version 2.0 [41].
ORAL CELL LINES
To determine the efficacy of Raman Spectroscopy in distinguishing between the four
different cell lines treated and untreated with 1% ethanol. The level of ethanol exposure
was chosen such that it would have limited effect on cellular metabolic function and
viability (in the short term) but would still illicit a response to the exposure [36]. Four
different types of oral cell lines: Ca9.22 (malignant cell line), TR (malignant cell line),
DOK (dysplastic cell line) and Primary cells (normal oral epithelial cells) were utilized.
DOK/ Ca9.22 cell cultures:
The /DOK/Ca9.22 (HPA cultures, UK) cell lines were cultured in Dulbecco Modified
Eagle’s Medium (DMEM) supplemented with 10% (v/v) FBS, penicillin/streptomycin
(100U/100ug) and L-glutamine (2mM). For the DOK cell line, hydrocortisone (5ug/ml)
was also added. The medium was pre-warmed at 37°C before incubation of the cells.
Cells were cultured until 90% confluency in a humidified environment at 5% CO2, before
being passaged. When confluent, the cells were washed in pre-warmed phosphate
buffered saline (PBS) (0.01M phosphate buffer, 0.154 M sodium chloride) and incubated
with trypsin-EDTA (0.5% trypsin, 0.02% EDTA) for 5 min at 37°C. Fresh, pre-warmed
medium was added to deactivate trypsin, and the suspended cells were centrifuged at 250g
for 5 min. The supernatant was discarded and the cell pellet was resuspended in a
sufficient volume of fresh pre-warmed medium, counted and passaged at a suitable
density for each individual cell line.
PRIMARY CELL CULTURE

Human oral mucosa was recovered at the Dublin Dental University Hospital from patients
undergoing routine third molar extraction in the Department of Oral and Maxillofacial
Surgery. The tissue was immediately placed into pre-warmed collection medium
[DMEM, penicillin/streptomycin (100U/100μg), amphotericin B (2.5μg/ml)] for 10 min
before washing the tissue three times with pre-warmed 1X PBS and placing it in 0.17%
trypsin overnight at 4°C. The following day, the sample was washed with 1X PBS and
connective tissue was removed using a scalpel. The tissue was cut into small pieces (1mm
x 2mm) and the small sections were placed in pre-treated T25 flasks (CELL+, Sarstedt),
each with a small coating of keratinocyte growth medium (KGM). These were left to
adhere to the flask for 1-2h and the flask was subsequently gently flooded with KGM.
Once sufficient growth of cells from tissue was achieved (2-3 weeks), KGM was replaced
with Epilife medium (Invitrogen) to select for epithelial cell growth. Cells were passaged
using 0.05% trypsin and spun at 250g for 10min at 4°C and cultured to 90% confluency.
SAMPLE PREPARATION
To facilitate Raman spectroscopy measurements, cells were detached from the ﬂasks
using 0.025% Trypsin–EDTA at 37°C and pelleted at 250g for 5 min at room temperature.
The supernatant was removed and cells were counted and seeded at a density of 5 x 104
cells/calcium fluoride (CaF2) disc in a multiwell plate and maintained, as previously
described, until a monolayer of cells was stably growing on the disc. The cells were then
fixed with 10% neutral buffered formaldehyde for 5 min, washed with 1X PBS and stored
in 0.9% physiological saline solution prior to capture of the Raman spectrum.
RAMAN SPECTROSCOPY MEASUREMENTS
The study was conducted with a Horiba Jobin-Yvon LabRam HR800 instrument using a
532 nm laser as the source in a backscattering geometry, and a 300 lines/mm grating,

providing a dispersion of ~1.5cm-1 per pixel. The laser power was approximately 35 mW
at the sample. Spectra were taken in the range from 2800 cm-1 to 3600 cm-1 with a
confocal hole diameter of 100 m. A 100x water immersion objective (LUMPlanF1,
Olympus, N.A.: 1.0) was used to focus the laser on the sample, immersed in distilled
water, providing a spatial resolution of ~1μm [42]. Measurement in water immersion has
been demonstrated to reduce any photothermal damage to the cells during measurement,
and the high signal to noise spectroscopic signals were observed to be stable and
reproducible over prolonged illumination [43]. In total 80 cells were analyzed in the
ethanol treated group and 80 cells without treatment. For each cell, the cytoplasmic region
was analyzed, resulting in one spectrum for each subcellular region of each cell. Thus,
for each cell line, 20 cells were analyzed, resulting in 20 spectra per cell line each for a
period of 2 x 20 seconds (Figure1).
DATA PREPROCESSING
Data preprocessing was performed using Matlab (Mathworks, USA). Before statistical
analysis, a Savitsky-Golay filter (5th order, 7 points) was applied to smooth the spectra.
All spectra were (vector) normalized to remove point to point intensity variations and
facilitate comparison of all spectra.
DATA ANALYSIS
An average of all spectra of control and ethanol exposed cells enabled identification of
potentially differentiating spectral features. Subsequently, the spectra of the cytoplasm of
control and exposed normal (80 spectra - primary), precancerous (20 spectra - DOK), and
cancerous (40spectra -Ca9.22 and TR) cells were compared. Unpaired Student’s t-test or
Mann-Whitney test (if the data is not a Gaussian distribution) of the intensity peaks

related to lipid vibrations (2851 cm-1) and the integrated area of 2817-3000cm-1 were used
as a discrimination method.
RESULTS:
SIMULATION ANALYSIS
To visualize the interactions of the ethanol at a cellular level, a series of models simulating
the molecular interactions of the ethanol with the lipid bilayer of the cell membrane were
developed. The lipid bilayer model selected for use with Molecular Dynamics (MD) is
based on dipalmitoylphosphatidylcholine (DPPC) phospholipid [44], which is the most
common representation for biological membranes. This DPPC bilayer model is
distributed by Peter Tieleman (http://wcm.ucalgary.ca/tieleman/downloads).
Figure 1 shows the system at the beginning (1a) and end (1b) of the simulation. The
yellow spheres in Figure 1a represent the ethanol molecules, and they are initially
randomly spread in the simulated water matrix (red) surrounding the phospholipids
(blue). The system has been equilibrated, in terms of potential energy, i.e., the energy was
minimized. After 100 ns, the interaction between the molecules within the system leads
to the penetration of ethanol molecules into the lipid bilayer and a subsequent disruption
of the ordered structure of those layers (Figure 1b).
The density profile (Figure 1c) represents the relative position of the ethanol molecules
with respect to the lipid bilayer model over the duration of the simulation, at 0 ns and 100
ns. In order to obtain the relative position profile, the center of mass and the number of
molecules are considered. Note that the phospholipid layers increase in relative thickness,
retaining the bilayer structure in the box simulation, reflected in terms of a comparison
between Figure 1a and 1b. The simulated system is dynamic and movement among the
molecules due to interactions is expected.

Figure 1: Image displaying the interaction between the cell membrane and 1% ethanol prepared using molecular dynamics: a) 0 ns of
simulation and b) after end of simulation (100ns). c) Density profile (arbitrary units) of the molecules in the system at initiation (dash
line) and termination (solid line) of the simulation.

However, the ethanol profile indicates that, although in the first image only some
molecules interact with the lipid groups, after 100ns, some have penetrated into the
bilayer. The amphiphilic nature of the ethanol and its ability to establish hydrogen bonds
with -OH may attract the water molecules to the inside of phospholipid bilayer. The
attraction of water by ethanol molecules results in a disruption of the bilayer and alters
its thickness.
It is noted that these interactions among ethanol-water and DPPC lead to the perturbation
of the bilayer structure. This perturbation is primarily related to thickness modification of
the bilayer (Figure 2 and Figure 3).

Figure 2: Image capture of the initiation of the simulation at 0 ns (a) and its matrix thickness (b). The matrix is calculated based on
the distance between two phosphorus (P) atoms of the two DPPC molecules aligned in different monolayers.

To represent the bilayer thickness, the distance (nm) between two phosphorus (P) atoms
of two DPPC molecules aligned in different phospholipid monolayers is calculated.
Figure 2 shows an image of the system at the initial stage of evolution (t=0) and Figure 3
shows the final stage (t=100 nsec). The matrix distances obtained are shown in Figure 2b
and Figure 3b, wherein the smallest distance (2.8 nm) is represented by a blue color and
the largest distance found is represented by red. It is noted that, in Figure 3a, the
highlighted section displays the region of bilayer that has the highest perturbation,
considering the alignment of lipids.

Figure 3: Image capture of the termination of the simulation at 100 ns and its matrix thickness. In this distance matrix the red color
(largest distance between two P atoms) is predominant compared with Figure 2.

RAMAN ANALYSIS
Molecular simulations predict a strong interaction of ethanol with the lipid membrane of
the cell, resulting in a significant disruption of its structure. Such effects should be
manifest in the Raman spectrum of the cell membrane, particularly in the high
wavenumber region (2800-3600cm-1), which is dominated by vibrational modes of CH2,
CH3, NH and OH45. Figure 4 shows the average spectra of all cell lines as unexposed
control (in black), together with the average spectrum of all cell lines treated with ethanol
(in red). Broad OH vibrations from water, at ~3100-3500cm-1, are very prominent, but in
the present analysis their contribution is not significant, firstly because we are interested
in alterations of the biological components, and secondly, because the vibrational modes
of water come mainly from the immersion environment and not from the sample itself.

In the region indicated in Figure 4, vibrational bands associated with CH2 and CH3 groups
of lipids and proteins are clearly visible. Notably, significant differences are evident in
the CH2/CH3 HWN vibrational modes of the Raman spectra of control cells and cells
exposed to ethanol (Figure 4), which are mainly related to the lipid and/or membrane
phospholipid conformation, especially the band at 2851 cm-1, which is indicative of the
CH3/lipid vibrations [16].

Figure 4: Averaged high wavenumber Raman spectra of all cell lines before (red) and after (black) 1% ethanol treatment. MannWhitney test of the lipid vibrational modes shows that changes in the region are statistically significant, p<0.001, demonstrating
excellent discrimination of these types of samples in the region related to the vibrational modes of lipids/CH 3.

A Mann-Whitney test of the lipid vibrational modes shows that the feature at 2851cm-1 is
statistically significant, p <0,0001, demonstrating the excellent discrimination of these
types of samples in the region related to the vibrational modes of lipids/CH3.
To demonstrate that the observed effect is observable in cells representative of different
pathologies, the effects of the ethanol exposure on each individual cell line was examined.

Figure 5 demonstrates that the ethanol exposure strongly affects each of the cell lines, as
manifest in the change in the intensity of the Raman feature at 2851 cm-1, with statistically
significant results in normal and pre cancer cells.

Figure 5: Relationship between the intensity of the 2851 cm-1 peak for each cell line in the presence and absence of ethanol, ** p <
0.001 and * p < 0.05.

DISCUSSION
Many authors believe that ethanol exposure, in the absence of smoking, cannot lead to a
carcinogenic process, but that it rather acts as an adjuvant “helping” the carcinogenic
tobacco effect, although it is not understood how the ethanol could act in the tissue [210]. Some researchers suggested that the ethanol could interfere at the membrane junction
areas at the spinal and granular layer, facilitating the action of tobacco at the basal layer,
and initiating the epidermoid carcinoma process [2-10].
In this study, dynamic molecular modelling simulations provide evidence for a significant
direct effect of ethanol exposure (1%) with the lipidic structures of the cell membranes.
The well-structured lipid bilayer before exposure (t=0), is significantly perturbed by the
ethanol exposure, resulting in changes in membrane structure and thickness, and by

t=100nsec, ethanol molecules can be seen to penetrate the membrane, compromising its
barrier function.
Raman spectroscopy, through the analyses of the effect of ethanol exposure on the cell
cytoplasm, confirms that the lipid content is strongly affected, and correlates to the
dynamic molecular simulation demonstrating the potential effect on the plasma
membrane structure. When compared to the control cells, the ethanol treated cell cultures
showed significant variation in their spectra. Interestingly, the discrimination was
observed in the CH3 vibrational modes (Figures 4 and 5), which are mainly related to the
lipids and/or membrane phospholipids conformation [16].
Variations in the cellular properties of the samples, as reported here, may result from a
number of cellular mechanisms which can manifest as a post-translational modification
(chemical processes resulting in the cleavage or modification of proteins) such as
glycosylation, phosphorylation or epigenetic changes (heritable changes not due to
changes in the DNA sequence) e.g. histone modification, DNA methylation. The
sensitivity of the analysis used in this study is unlikely to identify such specific changes
in cells, but both post-translational modification and epigenetic changes have been
observed utilizing surface-enhanced Raman spectroscopy [44-46] and variation between
the cell types used are potentially the result of an accumulation of these cellular changes.
Notably, however, more sophisticated multivariate classification techniques can be
applied to achieve higher degrees of sensitivity and specificity for real clinical
applications [28,47,48]. The results suggest, however, that the ethanol can initiate a
disease process, due the interaction with and damage to the lipid structure present in the
cell, which could further manifest as a neoplastic transformation and warrants further
investigation.

Maasland et al. have demonstrated that alcohol consumption of ≥30 grams (g) per day
(regardless of the source), compared with abstinence, was associated with a statistically
significantly increased risk of HNC overall. These results are consistent with those of
previous studies, showing alcohol consumption to be an independent risk factor for the
development of HNC, with a strong, dose-response relationship [4-11,49-53]. Ethanol
and acetaldehyde, the main metabolite of ethanol, are classified as a class I carcinogens
and are considered to be the causative agents in drinking relating HNC. It is plausible that
alcohol acts both directly and indirectly (through its metabolic byproducts) in HNC
carcinogenesis, the latter for example by acting as a solvent for other possible
carcinogens, such as the compounds found in tobacco products.
These findings indicate that ethanol itself probably is the most important factor in
determining HNC risk, rather than other substances in alcoholic beverages (such as malt,
corn, grape juice, etc.), which is consistent with the results from other studies [49,54-56].
Two potential explanations can be hypothesized, firstly, the membrane damage through
ethanol exposure could initiate oral carcinogenesis directly, or secondly, the damage acts
as a co-factor for other etiopathogenic substances, once the cell membrane is
compromised, and the cells physical defense barrier is unable to protect the cell. Thus,
the co-operative effect of alcohol consumption and cigarette smoking is biologically
plausible, since alcohol can act as a solvent for carcinogens in cigarette smoke, along with
permeabilizing the mucosa allowing easier access of these potential carcinogens. As a
result, the carcinogenic properties of both factors are likely to be cumulative in the
presence of one another. In conclusion, this study using Raman spectroscopy and
dynamic molecular modelling showed that the ethanol could affect the cells mainly in
lipid structure. In terms of oral mucosa, it could be related to a carcinogenic initiation or

progression, in association with tobacco or alone, although more studies are needed to
further elucidate this.
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FIGURE LEGENDS
Figure 1: Image displaying the interaction between the cell membrane and 1% ethanol
prepared using molecular dynamics: a) 0 ns of simulation and b) after end of simulation
(100ns). c) Density profile (arbitrary units) of the molecules in the system at initiation
(dash line) and termination (solid line) of the simulation.
Figure 2: Image capture of the initiation of the simulation at 0 ns (a) and its matrix
thickness (b). The matrix is calculated based on the distance between two phosphorus (P)
atoms of the two DPPC molecules aligned in different monolayers.
Figure 3: Image capture of the termination of the simulation at 100 ns and its matrix
thickness. In this distance matrix the red color (largest distance between two P atoms) is
predominant compared with Figure 2.
Figure 4: Averaged high wavenumber Raman spectra of all cell lines before (red) and
after (black) 1% ethanol treatment. Mann-Whitney test of the lipid vibrational modes
shows that changes in the region are statistically significant, p<0.001, demonstrating

excellent discrimination of these types of samples in the region related to the vibrational
modes of lipids/CH3.
Figure 5: Relationship between the intensity of the 2851 cm-1 peak for each cell line in
the presence and absence of ethanol, ** p < 0.001 and * p < 0.05.

